SYNOPSIS. An attempt is made to argue from discrete measurement of shape, through field representations of form, to analyses that encompass entire patterns. One method for achieving this last is the optical Fourier transformation. Examples of how it works on theoretical patterns are presented. Results of practical studies of actual radiographs of cancellous patterns in vertebral bodies of humans and apes are given. Architectural elements totally unsuspected from normal radiographic examinations are found. And it is shown that these have implications for our understanding of the nature of the relationship between bone architecture and stress bearing. The application more widely of such a method for the analysis of complex patterns is noted.
REPRESENTATION OF FORM BY DISCRETE POINTS
Several of the prior communications have discussed, sotto voce, a particularly important element in the analysis of form. That is, though our attempts to analyze form usually depend upon discrete measurements, we also attempt to use those measurements to provide us with a field view of form, with a view therefore, that attempts to see the whole. This is certainly the case in the geometrical, biorthogonal analyses presented by Professor Bookstein. Although he describes the individual homologous points required to produce the measurements upon which his technique depends, the entire presentation assumes that he can generate from these points, information about intermediate points that have not been measured. In the same way, although the algebraic multivariate statistical methods of Professor Albrecht produce information about the anatomies and the animals from which discrete measurements have been taken, the manipulations of the measurements, with variance and covariance taken into consideration, include assumptions about intermediate elements of the shapes not themselves actually measured.
We have much information that demonstrates that the field views assumed in these studies are reasonable. For as we in-1 From the Symposium on Analysis of Form presented at the Annual Meeting of the American Society of Zoologists, 27-30 December 1979, at Tampa, Florida. crease the number of points from which measurements have been taken we do not add totally new information into an analysis. In fact several studies have shown, for objects of different degrees of complexity, that there are optimal numbers of measurements beyond which it is not particularly "efficient" for us to go in attempts to analyze shapes. Thus the scapula and talus in primates are relatively simple bones that can be characterized by as few as ten measurements or less (Oxnard, 1978) . The pelvis is somewhat more complicated and requires something of the order of twenty measurements for its characterization (Oxnard, 1978) . The skull is considerably more complicated and may require a number of measurements exceeding fifty for a reasonably complete definition of its form (Howells, 1973) .
Notwithstanding the fact that we can capture the major part of the external shape of a bone through a relatively few measurements, there are many reasons why we may be interested in obtaining a more complete or field view of form. And the attempts of various workers over the years have often been so aimed. They have usually used homologous points to provide overall grids, the deformations of which give the desired field view of shape difference. The method of transformations of D'Arcy Thompson, the trend surface analyses of Sneath (1967) , the biorthogonal grids of Bookstein (1977 Bookstein ( , 1980 are different attempts to obtain this field view.
But the use of homologous points breaks down in a number of situations. One is when there are large, relatively featureless areas in a shape: The vault of a skull is a good example. Another is when there is a large featureless volume in a form: as in the inside of a skull when these methods are used three-dimensionally. Yet others, more complicated, are when we cannot be certain that homologous points are indeed truly homologous; again there are good examples from the skull; the temporal lines in apes (which possess a superfical head of the temporalis muscle) are presumably different from the temporal lines in man (in whom the superficial head of the temporalis muscle is absent-work in progress, Moore and Oxnard). And the styloid process of the human skull has been shown to differ from those in many other primates, again for reasons that have to do with the differential development of the feature (Zuckerman et al., 1962) . Such features as these should probably not be included as homologous in studies of primate skulls; but knowledge that they are not depends upon detailed comparative and ontogenetic studies involving sequences in development at relatively late times that it is not currently popular to investigate.
SOME ESSAYS INTO FIELD VIEWS OF FORM
Accordingly, then, I have tried, in recent years (Oxnard, 1970 (Oxnard, , 1972 (Oxnard, , 1973 (Oxnard, , 1975 (Oxnard, , 1977 (Oxnard, , 1978 Oxnard and Yang, 1980) to look for methods that might allow the characterization of shapes without the tyranny of predetermined reference points. Let us look at a few examples. Attneave and Arnoult (1956) , interested in the grouping of nonsense shapes by psychiatric patients, use the technique of the "perimeter function." Shape is characterized through measurements of lengths and angles taken upon the shape. The reference points necessary for the definition of those lengths and angles are not determined from biological homology, but merely through mathematical homology as being tangents at turning points upon the curve of the external outline. This is a useful method for shapes with good curvatures. But the method breaks down when applied to biological objects, say, bones ( Fig.  1) . Bones, in this case the outline of a pelvis, are just too irregular. Just too many decisions have to be made by the investigator in deciding how many tangents should be drawn, for instance, in the region of the ischial notch. And the generalization of this to the three-dimensional case involves tangent planes, and though mathematically trivial, it is computationally horrendous.
Another attempt to avoid reference points is Blum's (1962 Blum's ( , 1967 attempt to characterize a shape through a "central axis function." This works as though the shape is collapsed into itself (always in a direction at right angles to the boundary) until a central axis is defined. This axis, the function of its curve, and the arrangement of the points along the curve, completely define the shape. Figure 2 shows how the method works with the shape of a bone, again the pelvis, and in this case a characterization is produced that may be useful in the comparison of form (Oxnard, 1973) . Waddington (1977) has drawn attention to the method and a very recent study of the form of the mandible (Webber and Blum, 1979) employs it. The central axis function does not require that decisions be made by the investigator about special points in the shape, although if the investigator feels that special points are of FIG. 3 . The use of moire fringes to characterize the three-dimensional envelope of a pelvis; for explanation see text.
importance, they can easily be included in the information.
Yet other techniques have been used to obtain field views of form and these are more particularly aimed at the surfaces of three-dimensional objects. An early rather crude attempt by the author uses the method of moire fringe analysis. Figure 3 shows (first frame) that a rectangular grid shadowed upon a pelvis is distorted because of the three-dimensional nature of the bone. It also shows (second frame) that two undistorted grids overlain at a slight angle to one another demonstrate the phenomenon of moire fringes, such fringes being a measure of the angulation between the grids. Overlaying the distorted grid from the first frame by an undistorted (plane) grid produces a set of moire fringes (third frame) on the pelvic shape that defines the three-dimensional nature of that shape. The fringes are drawn for clarity in the fourth frame. Since that early simple attempt, moire fringe analysis has been taken very much further so that excellent characterizations of complex, even of living shapes, can be obtained that might well be most useful in the analysis of form (e.g., Takasaki, 1970) .
Notwithstanding all of these attempts to move away from special points upon a form or shape, when our interest turns to really complex patterns such as the cancellous network of trabeculae found inside a bone, we are forced to try yet further techniques. For not only are there no special points within such a pattern, the complex nature of the pattern defies even the methods so far suggested.
And although we may wonder if there is any point in knowing in detail about such structures, the remembrance that such structures bear stresses during biomechanical function, that such structures are thought to be related to the patterns of those same stresses, even that such structures change rapidly and completely in natural situations or artificial experiments in which forces change, means that we truly need to know the strict details of these patterns. For instance, the cancellous architecture within a vertebra has been assumed to be modelled by a series of threedimensional orthogonal bars and plates bearing the orthogonally arranged princi- pal stresses resulting from the loads of function (Arnold, 1968) .
However, the value of museum materials means that, if we wish to investigate such patterns in an evolutionary context, we must resort to the information about those patterns as exists within radiographs. For except with special dispensation, sections cannot usually be made of such specimens. Figure 4 demonstrates such radiographs for chimpanzees, orangutans, gorillas and humans. Though the picture is complex because of the superimposition of many shadows from the full three-dimensional structure of the internal cancellous bone, the chiefly orthogonal network of shadows can be discerned in all four species.
. Two patterns and their transforms, see text (after Lipson, 1972) .
But the characterization of such a pattern of shadows seems impossible through direct measurement and analysis. However, if we consider a single transect across such a radiograph, we may readily think of it as a complex wave; peaks represent the most marked radio-lucencies; troughs represent the most obvious radio-opacities; the entire wave is complex to take in the many shades of grey between the peaks and troughs. Such a wave form may be appropriately analyzed by Fourier transforms (e.g., see Davis, 1970) The optical equivalent is demonstrated in the rainbow. White light is split by a prism into its component colors; a complex wave form is split by a prism into its component simple waves; data unanalyzed is appropriately analyzed; the method transforms data from the frequency domain in the original complex wave to the spatial domain in the distribution (diffraction) of the individual simple component waves (see Fig. 114 , Oxnard, 1973) .
Of course such a one-dimensional method cannot easily cope with the entire twodimensional form of a radiograph. But it is well known that an equivalent two-dimensional analysis can be performed directly using a lens instead of a prism. Coherent (laser) light must be used instead of deal Fourier analysis that is desired (see Fig. 115 , Oxnard, 1973) .
Another lens readily reproduces the image of the radiograph, yet another a second transform, and so on. Such an optical bench not only allows the production of analytical transforms, but also allows a variety of filtering techniques to be carried out to "dissect" the patterns (e.g., see Oxnard, 1977) . OPTICAL DATA ANALYSIS: SOME SIMPLE EXAMPLES The Fourier transform produced by a complex picture such as a radiograph is complicated enough that we can better understand how such a method works by looking first at a simple pattern (Fig. 5) . The transform associated with a regularly oriented pattern (top left) is shown at top right as a series of regularly oriented spots. The angulation of the entire set of spots is a measure (transformed by 90 degrees) of the angulation of the original pattern. The distance between the spots is a measure (also transformed but in a more complicated way) of the distance apart of the pattern elements.
Study of a more complex pattern also helps us understand what is going on, and how we may well be surprised at the power of the technique (Fig. 5) . The pattern in the lower left frame of Figure 5 is apparently random. But a glance at the transform (lower right) shows that the apparently random pattern actually includes within itself the same oriented pattern shown in the upper frames. I doubt if anyone would have realized this prior to seeing the transform.
Suppose that this complex picture had been (say) a pattern of fibres somewhere within the nervous system, or a pattern of spicules in some complicated sponge, or a pattern of foliage in some special environment, or even a pattern of data (the "frozen" movements of a group of fish or a group of cells obtained from time lapse photography), wouldn't it be interesting if such analyses could demonstrate underlying patterns that had completely escaped our attention? OPTICAL DATA ANALYSIS: A REAL BIOLOGICAL SITUATION
When we apply such techniques to the complex patterns found in radiographs a somewhat different picture is seen. Figure  6 shows a radiograph for a chimpanzee and its transform: the result of work carried out in my laboratory in Chicago in collaboration with Dr. Harold Yang, originally a student in the medical scientist training program there. Because of the nature of the original picture, the transform is a cloud of light rather than a nice arrangement of spots as in the previous examples. But that cloud of light displays a very considerable structure. Although there are quantitative ways of expressing the information in the transform, a glance at the transform tells us that its principal feature is its generally cruciate appearance. This is associated with a generally orthogonally oriented pattern within the radiograph (Yang, 1978) . It is the feature that we already know exists. And it is the feature that is so important to the hypothesis of the nature of the relationship between stress and architecture in cancellous bone (Oxnard, 1973; Oxnard and Yang, 1980) . It is true that the transform is not a complete cross. There are other elements present; but the orthogonal ones are the primary ones. Closer examination of the off-orthogonal elements of this system provides other interesting information about the cancellous architecture (e.g., Oxnard, 1973; Oxnard and Yang, 1980) . However, the cruciate structure provides the biggest element and in order to be absolutely certain that it correlates with a basically orthogonal pattern of trabeculae, individual chimpanzee vertebrae were subsequently sectioned. ical sagittal section and demonstrates unequivocally that though some nonorthogonal elements are present, the main pattern is indeed orthogonal. Obviously, in a functional and evolutionary study, we are interested in the differences between these patterns in various primates. Figure 8 gives the transforms for the radiographs in Figure 4 . It is immediately obvious that, though there are differences among the species (and differences that can be shown to be significant using measures and statistical analysis: Yang, 1978) , the chimpanzee (A), gorilla (C) and human (D) have generally cruciate transforms. Closer inspection demonstrates that there are some off-orthogonal elements in each and other studies show these to be important (Oxnard, 1973; Oxnard and Yang, 1980) . But the chief finding here is that, contrary to the picture presented by radiography, the transform for the orangutan (B) is completely different: it is in the form of a large star.
The implication of this is that, though the radiograph seems to imply an orthogonal arrangement of shadows, it must actually contain shadows at many different angles. This finding, when it was first made, seemed so surprising that I felt it necessary to test it by making sections of vertebrae of orangutans. One such sagittal section is shown in Figure 9 ; it confirms absolutely that the pattern in the orangutan is completely different from that in the other large hominoids; it is something of a honey-comb or sponge-like arrangement (Oxnard and Yang, 1980) .
OPTICAL DATA ANALYSIS: IMPLICATIONS OF THE NEW FINDING
This is a complete surprise. It has major implications for hypotheses relating stress patterns to architectural patterns in cancellous bone. For though the patterns in humans, chimpanzees and gorillas do not depart too far from those necessary to support an hypothesis that posits a one-to-one relationship between orthogonal stress patterns and orthogonal cancellous arrangements, the patterns in the orangutan deny that absolutely.
But much work over many years confirms that there is indeed a major relationship between stress and architecture. We are therefore forced to look for other possible explanatory concepts. One might well be that the architectural pattern is related not to a particular stress pattern during function, nor even to the orthogonal stress pattern that represents the mean of all the individual orthogonal patterns during function, but to some stress pattern that represents the sum of the stress patterns over time during function. Such a sum would include the sum of the directions of the stresses.
In humans, gorillas and chimpanzees this might still be an orthogonal arrangement because the directions are approximately the same for the majority of the time in these three animals. Whatever man does, the majority of the activities are carried out in the orthograde position and hence most of the stress directions should relate to that. And whatever chimpanzees and gorillas do, most of their activities are carried out in the pronograde position so that again, most of the directions should sum to an orthogonal arrangement appropriate for that position. In contrast, the orangutan is an animal whose body position cannot be easily characterized by any single description (because it may hang upright or upside down, from one arm or the other, from one leg or the other, or from any one, two, three or four of its limbs in any and all combinations). The range of stress directions resulting from such multiple acrobatic activities in the trees includes, presumably, all angles during any given period of time. With this insight it is probably not surprising to find the architecture also organised to resist stress in every possible direction.
CONCLUSIONS FOR THE ANALYSIS OF FORM
This description indicates briefly what may be found by studying complex patterns in vertebrae using optical data analysis. We need to look at a very wide range of patterns, vertebrae from other hanging animals especially those with prehensile tails for example, vertebrae from animals performing quite different locomotor activities especially perhaps swimming and flying, and, of course, vertebrae from fossil creatures, especially those generally believed to be bipedal in the human manner, such as the australopithecines.
This description also indicates that it may be necessary to review the underlying hypotheses about the relationship between bone architecture and load-bearing, whether in vertebrae or in any other bone.
Finally, however, the information presented here cannot have failed to indicate that this method for the analysis for form may be rather widely applicable indeed to many problems of complex pattern. It may allow us insights into architectural situations far more than merely those presented by cancellous bone; it may allow us to study patterns previously thought far too complex for quantitative analysis.
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